Pediatric Acute Hematogenous Osteomyelitis
Pediatric AHO usually occurs in the first decade. No consistent peak incidence by age group is described in the literature. There is a male predominance in most series [1] [2] [3] [4] ; however, some series show an almost equal male-female ratio. The greater occurrence in boys described in most series may be related to the role of trauma in the development of osteomyelitis in children.
Acute hematogenous osteomyelitis may coexist with septic arthritis. This occurs particularly in patients less than 12 to 18 months of age due to the unique blood supply of the chondroepiphysis. It may also occur in joints with intra-articular metaphyses (proximal humerus, proximal femur, distal lateral tibia, and proximal radius).
Pathogenesis
While it is apparent that trauma and bacteremia contribute to the development of osteomyelitis in children, neither will cause bone infection on its own. The role of trauma in the pathogenesis of AHO was implicated by Whalen et al in 1988. 5 They showed that trauma increases the chance of development of osteomyelitis when there is concurrent bacteremia. In their rabbitmodel study, trauma appeared to be associated with regional ischemia and a generalized lowered resistance to infection. Other factors may include illness, malnutrition, and immune system deficiency.
Infection begins in the metaphyseal venous sinusoid, where there is a change from high-flow arterioles to low-flow venous sinusoids. Evidence suggests that there is a poorly developed reticuloendothelial system there, with lack of local resistance due to the absence of tissue macrophages. 5 In 1921, Hobo 6 described vascular loops in this area, with arterioles that take sharp bends at the physis and empty in venous lakes. Hobo believed that, with turbulence in this area, bacteria lodged in these sharp bends; their accumulation, combined with a lack of phagocytic reaction in the area, led to infection. Subsequent electron microscopic studies have shown terminal capillary branches in this area.
With the development of infection, there is thrombosis of the medullary vessels and suppression of the mobilization of infectionfighting cells (Fig. 1, A) . Subsequently, an exudate is formed, which, if untreated, exits the porous metaphyseal cortex and elevates the periosteum to form a subperiosteal abscess or septic arthritis if the metaphysis is intra-articular ( Fig. 1, B) . If the periosteum remains viable, an involucrum is produced (Fig. 1, C) .
The most common sites for AHO are the growing ends of long bones: the distal femur, proximal tibia, proximal femur, distal humerus, and distal radius. The predilection for these sites may be due to sluggish circulation near the physis favoring deposition of bacteria, or it may be due to the lack of tissue-based macrophages. 7 The lower extremities are involved more often than the upper, which may be related to the higher likelihood of trauma in these areas.
Evaluation and Diagnosis

History and Physical Examination
The clinical picture is still the most important factor in making the diagnosis. A high index of suspicion is required. There is a history of recent or concurrent infection in one third to one half of patients. Unexplained bone pain and fever should suggest osteomyelitis until proved otherwise. Recent studies show that a significant percentage of children do not fit the usual stereotype of an ill-appearing child with high fevers and high white blood cell (WBC) counts. 8, 9 In fact, 36% of the patients in the series of Scott et al 9 had admission temperatures of less than 37.5°C, and 41% had WBC counts less than 10,500/mm 3 . At our institution, subacute osteo- Fig. 1 A, The combination of bacteremia and trauma favors the development of infection in the metaphyseal venous sinusoids. B, The infection will eventually track through the porous metaphyseal cortical surface and elevate the surrounding periosteum. If the metaphysis is intra-articular, the infection will break into the joint and cause concurrent septic arthritis. C, The elevated periosteum lays down new bone initially (involucrum), and the dead medullary (or cortical) bone becomes a sequestrum.
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myelitis presenting as a neoplasm is a not infrequent occurrence. 9 On physical examination, swelling and refusal to move the limb are often noted. Some patients, however, are restless, as they are unable to relieve the pain of increased interosseous pressure by changing positions. There is usually tenderness with palpation and increased warmth, and occasionally there is an adjacent sympathetic joint effusion. There is no true joint irritability as there is in septic arthritis (unless there is concurrent septic arthritis). The history and physical examination are usually much more helpful in differentiating cellulitis from osteomyelitis. The characteristic erythema and swelling, which usually appear in 2 to 3 days with cellulitis, take 3 to 4 weeks to appear with untreated osteomyelitis.
Laboratory Studies
The WBC count is frequently but not invariably elevated; however, the erythrocyte sedimentation rate (ESR) is elevated in the majority of patients. 9 An elevated ESR is not a reliable sign in neonates or children with sickle cell anemia, nor is it a good way of following the resolution of infection during the first week, as it lags behind the improvement seen clinically. 4 The clinical value of C-reactive protein was recently evaluated by Unkila-Kallio et al 10 and found to be better in reflecting the effectiveness of therapy and predicting recovery from AHO than the ESR and the WBC count. Specifically, they found that the C-reactive protein concentration was elevated at the time of admission in 98% of cases, that the peak Creactive protein level was reached on day 2 after admission, and that the level decreased very rapidly, normal values being reached within a week of admission.
Blood cultures were positive in approximately 40% to 50% of the cases in most series. 4 It is important to culture other body sites to increase the possibility of identifying the causative organism.
Radiography
Plain radiographs show a deep soft-tissue swelling and loss of tissue planes by 3 days, but no bone changes are seen until after a week or more. 4, 8 A recent trend is for patients increasingly to appear with no changes on admission radiographs or even on radiographs obtained up to 2 weeks after the onset of symptoms, due to either suppression of infection with antibiotics or indolence of the infection. 9 
Radionuclide Studies
Technetium-99m diphosphonate bone scanning is useful in locating the area of involvement, especially in areas where localization may be difficult, such as the spine and pelvis. Bone scans are also useful in looking for multiple sites of involvement (usually in neonates) and in detecting osteomyelitis associated with septic arthritis. Increased uptake on a bone scan is the most common finding in AHO; in contrast, decreased uptake may indicate avascular necrosis.
Technetium bone scanning is not indicated in every case of osteomyelitis. It may not be accurate in very early cases, particularly earlier than 24 hours after the onset of infection, 7, 11, 12 because there may not yet be stimulation of bone turnover. Scans may be misleading, especially in the early stages of infection, in neonates, and in patients with sickle cell disease. 4, 11, 12 In addition, bone scans are nonspecific because increased uptake of the radionuclide may also indicate trauma, tumor, or infection. There is a 4% to 20% false-negative rate with technetium bone scanning. 9 Canale et al 13 have shown that bone aspiration will not significantly affect the results of bone scanning if the bone scan is obtained within 48 hours after aspiration. Therefore, aspiration and treatment should not be delayed in order to obtain a bone scan.
Scans obtained with gallium-67 citrate and with indium-labeled leukocytes are more expensive and entail more radiation exposure. They also take longer to complete, which may delay the initiation of treatment. These studies are not often useful for the evaluation of AHO in children.
As single photon emission computed tomography (SPECT) becomes more widely used, this tool may also become useful in evaluating children with osteomyelitis.
Magnetic Resonance Imaging
Magnetic resonance (MR) imaging is a useful tool for evaluating patients with osteomyelitis. In one study comparing MR imaging and bone scanning in the evaluation of 35 patients with suspected acute osteomyelitis, both modalities had a sensitivity of 100%. However, MR imaging provided higher specificity and accuracy at a statistically significant level. 14 Magnetic resonance imaging offers the sensitivity of bone scanning but with better softtissue resolution, is more useful in differentiating cellulitis from osteomyelitis, and can be used to identify abscesses, sequestra, and sinus tracts. The MR imaging study is also more useful in differentiating abnormal bone marrow (i.e., intraosseous extent) than bone scanning, computed tomography, or plain radiography. 12 However, MR imaging lacks specificity in determining whether abnormal changes are due to osteomyelitis. It is especially useful in the axial skeleton. 14 The classic MR findings of osteomyelitis are a decrease in the normally high signal intensity of marrow on T1-weighted images and normal or increased signal intensity on T2-weighted images. 15 This is due to the replacement of marrow fat by inflammatory cells and edema, which are lower in signal intensity than fat on T1-weighted images and are higher in signal intensity than fat on T2-weighted images.
Magnetic resonance imaging may also be useful in differentiating acute from chronic osteomyelitis. Cohen et al 16 found that the best predictors of acute osteomyelitis were poorly defined soft-tissue planes, absence of cortical thickening, and a poor interface between normal and diseased marrow. In contrast, chronic osteomyelitis (defined in their study as continuation of clinical symptoms for more than 3 months, the presence of sclerosis and thickening of the bones on plain radiographs, and/or pathologic findings of chronic inflammation or sequestrum formation) was suggested by the presence of a well-defined soft-tissue abnormality, a thickened cortex, and a relatively good interface between normal and diseased marrow.
Magnetic resonance imaging studies of neonates should be done by a team familiar with this age group. Frequent monitoring, supervision, and adequate sedation to prevent movement are required.
Aspiration and Bacteriologic Study
Aspiration may be the most valuable clinical test. It serves two purposes: it usually allows the establishment of a bacteriologic diagnosis (even if there is no abscess), and it can be used to determine the presence or absence of an abscess that may require surgical drainage. It can also be done very quickly, within hours of first seeing the patient. Aspiration should be done if osteomyelitis is suspected on the basis of the clinical picture and workup. If a malignant tumor, such as a Ewing's sarcoma, is a clinical possibility, aspiration can be deferred to a formal open biopsy once staging studies have been done.
Aspiration is performed at the point of maximal tenderness and swelling using a trocar 16-or 18-gauge spinal needle. Aspiration is done subperiosteally first. If purulent material is obtained, the needle is withdrawn, and the fluid is transported to the laboratory. If no purulent or abnormal fluid is obtained, intraosseous aspiration can be done through the thin, porous metaphyseal bone. All material obtained should be sent for Gram stain and cultures. At our institution, in addition to the Gram stain, fluid is sent for aerobic, anaerobic, fungal, and tuberculosis cultures. Aspiration is positive in approximately 60% of patients, with the rate of retrieval of the causative organism ranging from 61% to 90%. 9 While awaiting the culture results, we begin antibiotic therapy based on the "best educated guess" of which organism is predominant (Table 1) .
Staphylococcus aureus remains the most predominant organism, accounting for infection in 60% to 90% of patients. 4, 7, 8 There appears to have been no significant change in the predominance of S aureus since the preantibiotic era. 2 Streptococci, pneumococci, Kingella kingae organisms, and Gram-negative bacteria are occasionally the etiologic agents. Streptococci may be seen with infections secondary to the infected skin lesions associated with measles and chicken pox. Gram-negative organisms account for fewer than 5% of cases, with Haemophilus influenzae being the predominant organism in this group. Salmonella is seen in patients with sickle cell disease, but is less common than S aureus. 4, 7 
Treatment
The principles of treatment are (1) identification of the organism, (2) selection of the correct antibiotic, (3) delivery of the antibiotic in sufficient concentrations and for sufficient duration, and (4) arrest of tissue destruction. 4 
Antibiotic Therapy
As stated previously, antibiotic therapy is begun as soon as all cul-Journal of the American Academy of Orthopaedic Surgeons tures have been obtained; the selection of antibiotic is based on the "best educated guess" (Table 1 ) and is changed, if necessary, once the culture results are available. Coagulasepositive Staphylococcus organisms are responsible for the vast majority of cases of AHO in otherwise healthy children; therefore, an antibiotic that effectively combats this organism is used. If the patient is not allergic to penicillin, a beta-lactamase-resistant semisynthetic penicillin should be used. Since methicillin carries a significant risk of causing interstitial nephritis and nafcillin can be associated with skin sloughing if subcutaneous infiltration occurs, oxacillin is the antibiotic generally used at our institution in this situation. The recommended dosage of oxacillin is 150 mg/kg of body weight in divided doses given over 24 hours.
The duration and route of administration of the antibiotic have been the subject of considerable debate, with no resolution as yet. At one time, children with AHO were treated routinely for 6 weeks with intravenous antibiotics in the hospital setting. More recently, a regimen of 3 weeks of intravenous antibiotics followed by 3 weeks of oral antibiotics has been adopted. In reality, route of administration is less important than attainment of the appropriate serum concentration, and the combination of intravenous followed by oral antibiotic administration has become the standard care at most institutions.
The most important variable influencing the duration of antibiotic therapy is clinical response, but other factors include the age of the patient, the site of infection, the amount of destruction, and previous surgery. Once a clinical response to antibiotic treatment has been seen, a switch to oral antibiotics can be made. 7 Intravenous antibiotics are usually given for a minimum of 7 to 10 days at our institution.
As mentioned previously, in addition to the patient's temperature curve and clinical examination findings, the C-reactive protein level can be used to follow the response to antibiotics. 10 Several prerequisites must be met, however. Jackson and Nelson 8 have stated that contraindications to an early change to oral antibiotics include an inability to swallow or retain the medicine, lack of identification of the etiologic agent, inability of the laboratory to obtain serum bactericidal levels, an infection caused by an organism for which no effective oral antibiotic exists (e.g., Pseudomonas), and lack of clinical response to intravenous antibiotics. Peak serum levels of antibiotic may be helpful in demonstrating adequate drug absorption by the gastrointestinal tract. These are obtained by drawing a blood sample 1 hour after the oral administration of the drug. The bactericidal level of the drug in the blood should be 1:8 or greater. 7 Antibiotic therapy (combined intravenous and oral administration) should be continued for a total of 6 weeks. 7 The usual oral antibiotic is dicloxacillin, given in a dosage of 50 mg/kg for 24 hours, or cephalexin, given in a dosage of 150 mg/kg for 24 hours. Antibiotic choices for patients who are allergic to penicillin are shown in Table 1 .
Surgical Options
The major indication for surgical debridement is to evacuate a subperiosteal abscess or to remove dead or avascular bone. Neither antibiotics nor surgery alone will be successful in all cases. We believe that aspiration of pus is an indication for operative intervention. Periosteal destruction can occur if pus accumulates for any length of time. Surgery is also effective in removing sequestra in chronic infections. Surgical technique requires making a small skin incision, opening the periosteum, and drilling the cortex. Operative drainage of the subperiosteal abscess can preserve the periosteal blood supply. The need to drill the cortex in acute osteomyelitis is disputed by some authors. 1 In addition to routine contact cultures, primary bone cultures may increase the likelihood of obtaining the offending organism. Suction irrigation tubes may be used, but we prefer a closed suction drainage system for 24 to 48 hours. Insertion of a central line while the patient is under the same general anesthetic may be useful for long-term intravenous access.
Aggressive osseous debridement is the most important aspect of treatment for chronic osteomyelitis, 17 defined by most authors as osteomyelitis with symptoms that have been present for more than 1 to 3 months. Daoud and SaighiBouaouina 17 reviewed the data on 34 children with chronic hematogenous osteomyelitis and concluded that the status of the periosteum of the involved bone is of primary importance, both in predicting the subsequent evolution of the disease and in planning treatment. The status of the periosteum is best evaluated in these cases on the basis of the presence or absence of an involucrum, which forms as the result of subperiosteal new bone formation. The role of early sequestrectomy for patients with chronic osteomyelitis has been debated. Some have attributed poor outcomes to sequestrectomy performed too early and/or too extensively and have recommended delayed debridement and sequestrectomy to allow development of the involucrum and revascularization of the sequestrum. Others have recommended early operative sequestrectomy to permit rapid resolution of the infection and regeneration of bone. Daoud and Saighi-Bouaouina 17 found that if a sequestrum is present, early sequestrectomy is indicated to help control the infection without preventing the formation of the involucrum.
Whether medical treatment only should be used for AHO continues to be controversial. Surgery may not be indicated if the diagnosis is made early and if there is no abscess. Cole et al 18 created a classification of osteomyelitis with treatment implications: their three types are earlyacute (patient is older than 1 year of age with an acute febrile illness of less than 48 hours' duration), lateacute (patient with severe osteomyelitis and an abscess is older than 1 year of age and presents 5 or more days after the onset of symptoms), and neonatal/infantile (patient is less than 1 year of age). Use of intravenous antibiotics followed by oral antibiotics without surgery was successful in 92% of their early-acute cases. Recent studies have demonstrated a 90% response rate to medical management alone when the treatment was initiated within the first few days after the onset of symptoms. 18, 19 If there is no early clinical response to medical management (within 36 hours), abscess formation becomes a possibility, and reevaluation is necessary. Once a clinical response has been achieved, a change to oral antibiotics is appropriate.
Neonatal Osteomyelitis
Neonatal osteomyelitis differs from AHO in children because (1) the blood supply to the chondroepiphysis is different, (2) causative organisms are different, and (3) the immune system is still developing in the neonate.
Before secondary ossification centers appear, the metaphyseal vessels penetrate directly into the chondroepiphysis (Fig. 2) . Infection starting in the metaphysis can readily invade and destroy the chondroepiphysis and subsequently invade the joint. These transphyseal vessels persist until 12 to 18 months of age. 20 The physis serves as a mechanical barrier to infection in older children. Additionally, the osseous architecture of the neonate is more fragile and easily injured by the infectious process. Permanent growth arrest can occur. The long tubular bones are involved most commonly in neonatal osteomyelitis, but membranous bones, such as the maxilla, may also be involved. The proximal femur is most commonly involved, with destruction of the femoral head often occurring as a result. In up to 40% of neonates with AHO, multiple sites are involved. 7 Group B streptococci are now the predominant organisms responsible for neonatal osteomyelitis. 21 Other causative organisms include S aureus, Gram-negative bacilli, and Streptococcus pneumoniae. 21 Invasive procedures, such as fetal monitoring, heel punctures, and placement of umbilical catheters, are related to the increased incidence of neonatal osteomyelitis. Staphylococcus organisms are most commonly associated with these manipulative procedures.
Neonates are often unable to mount a significant inflammatory response to infection. The infection tends to spread very rapidly and often involves multiple sites. Despite this, the temperature and WBC count may be normal. Physical examination usually discloses swelling and/or loss of movement, but may reveal fewer physical findings than would be seen in an older patient. Aspiration should be performed on any suspicious bone or joint. Technetium bone scans may be useful in detecting multiple sites of involvement; however, false-negative studies sometimes occur, and bone scans may not show all infected sites. Treatment requires early diagnosis, prompt surgical drainage if an abscess has developed, and administration of the appropriate antibiotics. While sequestra, draining sinuses, and chronic infection rarely develop,
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Fig. 2
Relation of blood supply to the proximal femur and spread of infection (arrows). Top, In the neonate, the metaphyseal vessels penetrate directly into the chondroepiphysis, allowing an infection in the metaphysis to readily invade and destroy the chondroepiphysis and subsequently invade the joint. Bottom, In the older child, the physis serves as a mechanical barrier to the spread of infection.
destruction of the chondroepiphysis, physis, and joint may occur if these structures are involved. With early diagnosis and treatment (in the absence of epiphyseal and joint involvement), the prognosis is usually quite good.
Subacute Hematogenous Osteomyelitis
Subacute hematogenous osteomyelitis is most likely due to an altered host-pathogen relationship combined with increased host resistance, decreased virulence of the causative organism, and/or antibiotic modification. In a retrospective study of subacute hematogenous osteomyelitis in children, Roberts et al 22 found that antibiotics had been given to 40% of patients for infections other than osteomyelitis. As a result, the children appeared less ill and displayed less toxicity than children with acute osteomyelitis, frequently presenting with a limp but without the features of "typical osteomyelitis." Because children with subacute osteomyelitis appear less ill, they frequently present later in the course of their disease.
The features of acute and subacute hematogenous osteomyelitis are compared in Table 2 . Most cases of subacute hematogenous osteomyelitis are due to Staphylococcus organisms, but recently Streptococcus organisms have been found. [22] [23] [24] Often, no organism is isolated. Subacute hematogenous osteomyelitis may be confused with neoplasms such as Ewing's sarcoma and osteoid osteoma. Pain is the most consistent symptom, and constitutional symptoms are usually mild. The ESR, however, is often elevated.
Radiographic bone lesions, which may be difficult to differentiate from lesions due to other diseases, are commonly seen. Gledhill and McIntyre 23 described four radiographic types. Type I is a solitary localized zone of radiolucency surrounded by a reactive zone suggestive of eosinophilic granuloma or Brodie's abscess. Type II is a metaphyseal lesion associated with loss of cortical bone. Type III is a diaphyseal lesion with excessive cortical reaction. Type IV is a lesion associated with onionskin layering of subperiosteal bone. This classification has been modified to include other variants of infections (Fig. 3) . 22 In patients older than 18 months of age, AHO rarely crosses the physis; however, subacute osteomyelitis frequently does cross the physis. There is rarely permanent damage to the growth plate in these patients. 7 When the cortex is destroyed (Gledhill type II) or when there is extensive cortical reaction (Gledhill type IV), neoplasms such as eosinophilic granuloma, Ewing's sarcoma, and osteogenic sarcoma should be considered in the differential diagnosis. In as many as 50% of cases, subacute osteomyelitis is confused with tumor. 22 A biopsy is usually needed for definitive diagnosis. Antibiotics are given postoperatively and were used for 6 weeks in the series of Gledhill and McIntyre. 23 In cases in which extensive destruction is seen, postoperative cast immobilization should be considered to prevent fractures.
Brodie's Abscess
Since Brodie described localized metaphyseal tibial abscesses without any associated systemic illness in 1832, these lesions have been known as Brodie's abscesses. Brodie's abscess may be thought of as a form of subacute pyogenic osteomyelitis. Most Brodie's abscesses occur in the metaphysis (Gledhill type I lesions) and usually respond well to surgical debridement and postoperative antibiotics.
Primary Epiphyseal Osteomyelitis
Epiphyseal osteomyelitis may be either acute or subacute. Primary subacute epiphyseal osteomyelitis was described by King Table 2 Comparison of Acute and Subacute Hematogenous Osteomyelitis Acute authors have found no evidence of invasion of subacute epiphyseal osteomyelitis into the metaphysis. 22, 24, 25 While most cases of epiphyseal osteomyelitis are subacute, acute cases have been reported. A biopsy is usually needed for diagnostic purposes and for differentiation of the lesions from neoplastic lesions, including osteoid osteoma. Most often, no causative organism is found, but when one is isolated, it is usually S aureus. 25 At surgery, granulation tissue is usually found instead of pus. 25 Surgical debridement followed by intravenous and oral administration of antibiotics is indicated. Some lesions will heal with antibiotics alone. 22 
Summary
Although typical AHO in children is common, more subtle presentations (e.g., subacute osteomyelitis, Brodie's abscess, subacute epiphyseal osteomyelitis, chronic recurrent multifocal osteomyelitis, neonatal osteomyelitis, and infections simulating neoplasm) appear more frequently. Wider recognition of these less common varieties, advances in imaging techniques (e.g., technetium bone scanning and MR imaging), and a better understanding of the pathophysiology of these infections as it relates to treatment have contributed to improved management of these conditions. Journal of the American Academy of Orthopaedic Surgeons Pediatric Hematogenous Osteomyelitis Fig. 3 Modified classification of subacute osteomyelitis.22 Type IA is characterized by a punched-out radiolucency suggestive of eosinophilic granuloma. Type IB is similar but has a sclerotic margin and represents a classic Brodie's abscess. Type II is a metaphyseal lesion associated with loss of cortical bone. Type III is a diaphyseal lesion with excessive cortical reaction. Type IV is a lesion associated with onionskin layering of subperiosteal bone. Type V is a concentric epiphyseal radiolucency. Type VI is an osteomyelitic lesion of a vertebral body.
